R
otator cuff tears are a common upper-extremity disorder, with >250,000 surgical repairs performed annually in the U.S. 1 . Achieving positive clinical outcomes following repair can be limited by fatty infiltration or myosteatosis, which is the combined atrophy, fibrosis, and fat accumulation within and around myofibers [2] [3] [4] . The relative amount of fat in torn rotator cuff muscles is often greater than in other injured muscle groups [5] [6] [7] , and many patients develop further myosteatosis even after undergoing a successful rotator cuff repair 2 . Fat accumulation is also correlated with negative clinical outcomes 2, 8 , and identifying the cellular and molecular mechanisms that induce adipogenesis in the rotator cuff could provide new opportunities for improving muscle healing and recovery.
Satellite cells are a heterogenous stem-cell population largely responsible for postnatal skeletal muscle growth, regeneration, and repair, and they are stimulated by trauma to proliferate, differentiate, and fuse into damaged myofibers 9, 10 . Quiescent satellite cells are found between the muscle fibers and basal lamina and express the transcription factor Pax7 (paired box 7) 10, 11 . In addition to myofibers, satellite cells can also differentiate into adipocytes [12] [13] [14] , and in a tenotomy and denervation muscle-injury model, greater fat accumulation and reduced healing were present in rotator cuff muscles compared with gastrocnemius muscles 7 . Because satellite cells are important in muscle regeneration and can enter the adipogenic lineage, we sought to determine differences in the myogenic and adipogenic differentiation capacity of satellite cells from gastrocnemius and rotator cuff muscles. We tested the hypothesis that, compared with gastrocnemius satellite cells, rotator cuff satellite cells have decreased myogenic and increased adipogenic differentiation capacity. To further explore mechanistic differences, as satellite cell activity can be regulated by epigenetic factors 11 , we analyzed differential DNA methylation between gastrocnemius and rotator cuff satellite cells.
Materials and Methods Animals
T his study was approved by the University of Michigan Institutional Animal Care and Use Committee. We crossed 2 lines of genetically modified mice, obtained from The Jackson Laboratory, to generate experimental animals. First, we obtained Pax7 CreERT2 mice, which contain an IRES (internal ribosome entry site)-CreERT2 cassette between the stop codon and 39 untranslated region of Pax7, resulting in the expression of a tamoxifen-responsive CreERT2 recombinase enzyme when Pax7 is also expressed (strain Fig. 1 Overview of genetically modified mice, satellite cell labeling, and sorting. Fig. 1 -A Pax7 CreERT2 :R26 flox-stop-tdTomato mice do not normally express the red fluorescent protein tdTomato. When CreERT2 in Pax7 1 satellite cells is activated in response to tamoxifen treatment, the stop codon cassette flanked by loxP sites is excised from the constitutively active Rosa26 (R26R) locus, causing tdTomato to be expressed in satellite cells, as well as in all subsequent daughter cells (Pax7 CreERT2 :R26 tdTomato mice). Fig. 1 -B Representative histology of muscles from tamoxifen-treated Pax7 CreERT2 : R26 tdTomato mice, demonstrating the presence of tdTomato in satellite cells (red arrowheads). White = extracellular matrix (ECM) as marked by WGAlectin, blue = nuclei, and red = Pax7-tdTomato. 
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Immunocytochemistry results. Values are mean and standard deviation. Gene expression. Quantification of the expression of myogenic genes ( Fig. 3-A) and adipogenic genes ( Fig. 3-B) . Each target gene normalized to the stable housekeeping gene b2-microglobulin. Values are presented as the mean and standard deviation; n ‡ 6 plates analyzed per group. MRF4 = myogenic regulatory factor 4, PPARg = peroxisome proliferator-activated receptor gamma, C/EBPa = CCAAT-enhancer-binding protein-alpha, and FABP4 = fatty-acid binding protein 4.
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T 15 . In the second line of mice, R26R flox-stop-tdTomato , the constitutively expressed Rosa26 (R26R) locus was modified to contain a stop codon cassette flanked by loxP sites upstream of the red fluorescent tdTomato gene (strain 007909) 16 . In the absence of active Cre recombinase, R26R flox-stop-tdTomato mice do not express tdTomato. However, upon treatment with tamoxifen, which activates the Cre enzyme, a recombination event occurs between loxP sites to remove the stop codons, resulting in the permanent expression of tdTomato, R26R tdTomato . We crossed Pax7 CreERT2 and R26R flox-stop-tdTomato mice to generate Pax7 CreERT2 :R26R flox-stop-tdTomato mice, which were backcrossed for several generations and maintained in the homozygous state. Quiescent satellite cells express Pax7 15 , and upon treatment with tamoxifen, the CreERT2 enzyme complex is activated, causing a recombination event at the R26R locus, resulting in the persistent expression of tdTomato in all cells expressing Pax7, as well as their daughter cells 17 , which are referred to as Pax7 CreERT2 :R26R tdTomato mice. An overview is presented in Figure 1 -A. With the exception of wild-type C57Bl/6 mice that were used to determine baseline flow cytometry fluorescence, all experiments utilized 4-month-old male Pax7 CreERT2 :R26R tdTomato mice.
The labeling of satellite cells with tdTomato occurred by treating mice with an intraperitoneal injection of tamoxifen (2 mg) dissolved in corn oil (Sigma) daily for 5 days prior to muscle harvest. On the sixth day, mice were anesthetized with ketamine and xylazine. The supraspinatus and infraspinatus muscles of the rotator cuff and the gastrocnemius muscles were removed and processed for flow cytometry. The plantaris muscle was also removed as a sentinel to verify recombination and labeling of satellite cells. Following muscle removal, mice were killed by cervical dislocation and pneumothorax.
Muscle Histology
Plantaris muscles were frozen in Tissue-Tek (Sakura) with cold isopentane, and 10-mm sections were incubated with 
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wheat germ agglutinin (WGA) lectin conjugated to Alexa Fluor 488 dye (ThermoFisher Scientific) to identify extracellular matrix. DAPI (49,6-diamidino-2-phenylindole; Sigma)-labeled nuclei and tdTomato-identified satellite cells. Sections were visualized with a BX51 microscope (Olympus).
Satellite Cell Isolation and Flow Cytometry
Satellite cells were isolated from gastrocnemius and rotator cuff muscles, using a method modified from a previous report 18 . A detailed description is provided in the Appendix. Briefly, muscles were minced and digested to generate a suspension of cells enriched with satellite cells. Cells were then sorted via flow cytometry on the basis of forward scatter area (FSC-A) as a means to measure the cell size and tdTomato fluorescence. TdTomato 1 cells were collected and used for in vitro differentiation experiments or DNA sequencing.
Cell Culture
A detailed description of cell culture is provided in the Appendix. Sorted cells were plated on culture dishes coated with growth factor-reduced Matrigel (Corning). Cells were expanded in growth media containing Dulbecco modified Eagle medium (DMEM) with 10% fetal bovine serum (FBS) and 1% antibioticantimycotic (AbAm) (ThermoFisher Scientific) for 2 passages, and on reaching 70% confluence, were switched to adipogenic induction media for a period of 7 days prior to immunocytochemistry and gene-expression analysis 14, 19 .
Immunocytochemistry
Cells were fixed with 4% paraformaldehyde, permeabilized in 0.5% Triton X-100, and blocked in 5% goat serum. Cells were labeled with antibodies against myogenin (F5D, 1:100; Developmental Studies Hybridoma Bank), which is a transcription factor that identifies differentiated muscle cells 20, 21 , or with antibodies against fatty-acid binding protein 4 (FABP4, 1:500; AbCam), which is specifically expressed in adipogenic cells 22 . Secondary antibodies conjugated to Alexa Fluor 647 dye (ThermoFisher Scientific) detected primary antibodies. DAPI identified nuclei. Three random 10· fields per plate were quantified in an EVOS FL Imaging System (ThermoFisher Scientific). For myogenic differentiation, a cell was considered a differentiated muscle cell if it was a multinuclear myotube or contained a nucleus that was myogenin 1 , and myogenic cells were calculated as a percentage of total cells. For adipogenic quantification, the number of FABP4 1 cells per field was calculated as a percentage of total cells.
Gene Expression
Gene-expression analysis was performed as previously described 23 . RNA was isolated from cells using an miRNEasy kit (QIAGEN), reversed transcribed with iScript reagents (Bio-Rad), and amplified in a CFX96 real-time thermal cycler (Bio-Rad). Quantitative polymerase chain reaction (PCR) was performed using iTaq SYBR Green Supermix (Bio-Rad). A list of primers is shown in Appendix Table E-1. Target gene expression was normalized to the stable housekeeping gene b2-microglobulin using the 2 2DCt method.
DNA Methylation Analysis
DNA was isolated from freshly sorted tdTomato 1 satellite cells, and DNA methylation analysis was performed by the University of Michigan Epigenomics Core using enhanced reduced representation bisulfite sequencing (ERRBS), as previously described 24, 25 . A detailed description is provided in the Appendix. Briefly, genomic DNA was digested with the methylation-insensitive restriction enzyme MspI, followed by end-repair, A-tailing, and ligation of methylated adapters. Bisulfite conversion of methylated sequences was performed prior to PCR amplification and subsequent sequencing. Gene enrichment and pathway analysis was performed with iPathwayGuide (Advaita Bioinformatics) 26 . A full list of differentially methylated regions is provided in Appendix Table E-2 and differentially methylated cytosines, in Appendix Table E-3.
Statistical Methods
Data are presented as the mean and standard deviation. Sample sizes were selected on the basis of satellite-cell myogenic differentiation rates 21 . In immunocytochemistry and gene-expression 
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experiments, differences between gastrocnemius and rotator cuff groups were assessed using a t test (a = 0.05), with Welch correction, in Prism 7.0 (GraphPad). MethylSig R package (The Sartor Lab, University of Michigan) 27 was used for differential DNA methylation analysis using a beta-binomial approach, with p values adjusted for multiple testing using a false discovery rate (FDR) adjustment to control for type-I errors. Sites were considered differentially methylated if they had a percent change in methylation of at least 20% and an FDR-adjusted p value of <0.05.
Results

T
o efficiently isolate satellite cells from gastrocnemius and rotator cuff muscles, and to verify that adipogenic markers were observed in myogenic lineage cells, we used a genetic approach to label the satellite cells of Pax7 CreERT2 :R26R tdTomato mice with tdTomato ( Fig. 1-B) . Across several runs, approximately 12% of cells isolated from both muscle groups were tdTomato 1 (Fig. 1-C) . We then evaluated the potential of satellite cells from the gastrocnemius and rotator cuff muscles to differentiate into myogenic and adipogenic cells (n ‡ 9 plates analyzed per group). There was a 23% reduction in the number of differentiated rotator cuff muscle cells per field compared with gastrocnemius cells, and a 4.3-fold increase in the number of adipogenic rotator cuff cells per field (Figs. 2-A through 2-D) . Next, we measured the expression of myogenesis and adipogenesis-related genes (n ‡ 6 plates analyzed per group). While we did not see a difference between the rotator cuff and gastrocnemius groups in the early myogenic marker desmin or the muscle-fusion gene myomaker, we did see an 87% reduction in the expression of the late muscle differentiation marker MRF4 (myogenic regulatory factor 4) in rotator cuff cells (Fig. 3-A) . For genes related to adipogenesis, we observed a 12-fold increase in the adipogenic transcription factor PPARg (peroxisome proliferator-activated receptor gamma) and a 65-fold increase in FABP4 in rotator cuff cells, although no differences were observed between the rotator cuff and gastrocnemius muscle groups with respect to the adipocyte signaling molecule adiponectin or adipogenic transcription factor C/EBPa (CCAAT-enhancer-binding protein-alpha) (Fig. 3-B) .
Because there was an increased capacity for adipogenic differentiation in rotator cuff cells, we sought to determine whether epigenetic differences existed between sorted gastrocnemius and rotator cuff satellite cells (Figs. 4-A and 4-B; n = 5 mice per group). We identified 180 hypomethylated regions and 175 hypermethylated regions in satellite cells from the rotator cuff compared with cells from the gastrocnemius (Fig. 4-C) . The top 50 hypermethylated regions and hypomethylated regions are shown in Tables I and II . Finally, to identify biological processes and biochemical pathways that might be impacted by the difference in DNA methylation, we performed gene ontology analysis. For biological processes, the top 15 pathways identified were related to embryonic development and limb morphogenesis (Fig. 4-D) . With regard to molecular function, the top pathways were related to transcription-factor activity and lipid metabolism, which is consistent with the in vitro findings related to adipogenesis.
Discussion
S
atellite cells are activated after a rotator cuff tear in mice, and their biological activity is thought to play an important role in pathological changes in rotator cuff disease 28 . Meyer and colleagues found that cells from patients with partial-thickness tears had reduced proliferative capacity in vitro, but no difference in fusion, when compared with cells from untorn rotator cuff muscles and full-thickness tears 29 . In an vivo study, Lundgreen et al. reported reduced satellite cell density and fewer proliferating cells in full-thickness rotator cuff tears compared with partial tears 30 . While these studies identified differential activity of satellite cells within rotator cuff and shoulder girdle muscles in various states of injury, in the current study, we compared the activity of satellite cells from normal rotator cuff and gastrocnemius muscles, as the gastrocnemius is another commonly injured muscle that generally has better outcomes than the rotator cuff when recovering from a tendon tear 2, 31, 32 . We observed a reduced myogenic capacity of rotator cuff satellite cells, along with a decreased expression of the differentiated myogenic transcription factor MRF4 20 . No differences in the muscle cell-fusion gene myomaker 33 were observed, indicating a similar capacity of myogenic cells from the gastrocnemius and rotator cuff to fuse into myotubes. These results were also in agreement with a previous study of rats, which demonstrated greater fatty infiltration and reduced healing of the rotator cuff compared with the gastrocnemius 7 . There are 3 types of differentiated adipogenic cells, including white, brown, and beige adipocytes 34 . White adipose cells store fat and are the classical adipocyte cell 
type 35, 36 . Within muscle tissue, the primary progenitor cell for white adipocytes is thought to be fibro/adipogenic progenitor (FAP) cells, which are a distinct lineage from satellite cells 35, 36 , although myogenic cells can also differentiate into this lineage 12, 13 , with debate ongoing 34 . Brown and beige adipocytes are related in function but arise from distinct populations of cells, with brown adipocytes having a myogenic origin and beige cells originating from a lineage that is likely similar to white adipocytes 34, 37 . It can be difficult to morphologically discern the 3 cell types in culture; however, a common feature among all adipogenic cells is the expression of FABP4 22, 38 . In our findings, all FABP4 1 cells were also Pax7-tdTomato 1 , indicating that these adipocytes originated from a myogenic progenitor population. Further, we observed a 4-fold increase in adipogenic cells from rotator cuff muscles, and a 12-fold increase in the common adipogenic master regulator PPARg, providing additional support for the finding of greater adipogenic differentiation capacity of rotator cuff satellite cells.
Numerous changes in DNA methylation were observed between rotator cuff and gastrocnemius satellite cells, and bioinformatics analysis identified several biochemical pathways involving adipogenesis and lipid metabolism that were predicted to be different between gastrocnemius and rotator cuff muscles. Many of the genes that were differentially methylated in rotator cuff samples were members of the HOX family of genes. The HOX genes encode transcription factors that were originally identified by their role in instructing the positional identity of progenitor cells along the anteriorto-posterior body axis 39 . HOX genes also play important roles in myogenesis 40 , and some of the differences in HOX methylation may be related to the more proximal location of rotator cuff muscles compared with the gastrocnemius in the limb, in particular with HOX9, HOX10, HOX11, and HOX13, which display a proximal-to-distal gradient of restricted expression in the developing limb 39 . However, some of the HOX genes are also important in brown and beige adipogenesis, in particular HOXC4 and HOXC8 41 . In satellite cells from rotator cuff muscles, there were 2 hypomethylated regions for HOXC4, and 6 for HOXC8. HOXA3 has also been reported to be important in white adipogenesis 42 , and 8 hypomethylated regions for HOXA3 were found in rotator cuff satellite cells. As hypomethylation of a gene is associated with an increased expression of that gene, the combined results of this study indicate that satellite cells from the rotator cuff are more likely to become adipogenic cells, and this may be explained by differential methylation of adipogenic genes.
There were several limitations to this work. Humans frequently develop more profound and severe atrophy and fat accumulation than found in mouse models of rotator cuff disease 4, 43, 44 . We only evaluated changes in adult male mice, which allows for examination of DNA methylation on both the X and Y chromosomes, although the observed results are likely applicable to both sexes. Differentiation experiments were performed in vitro, but it is possible that these findings do not entirely translate to the in vivo setting. We did not identify the specific type of adipocytes in our studies, but white and beige fat cells are known to be present in rotator cuff muscles 45 , and there are brown fat depots located close to the rotator cuff 14, 46 . We also did not evaluate changes in chromatin packaging and histone methylation, which are also epigenetic regulatory mechanisms. ERRBS analysis also focuses gene promoter regions 25 , but methylation of other regions of DNA could also play important roles in regulating the activity of satellite cells. Despite these limitations, the current work provides important insight into our understanding of the cellular development of rotator cuff disease.
The rotator cuff is a clinically unique muscle group with regard to pathophysiology, surgical treatment, and rehabilitation 7, 47 . In the current study, we sought to determine if satellite cells from gastrocnemius and rotator cuff muscles differ in their biological activity and epigenetic imprinting. Supporting our hypothesis, we found reduced myogenic and increased adipogenic differentiation of satellite cells from rotator cuff muscles, and differences in DNA methylation patterns that correspond to observed phenotypic differences between the 2 muscle groups, which helps to identify a cellular and genetic basis of the generally poor rates of rotator cuff muscle healing. As satellite cells are activated after injury to repair damaged muscle fibers 9 , and animal models have demonstrated that the repair of chronically torn rotator cuffs causes extensive injury throughout the muscle 48 , it is possible that increased differentiation of myogenic cells into the adipogenic lineage contributes to the continued accumulation of fat that is observed in many patients after rotator cuff repair 2 . Further, transplantation of satellite cells from a healthy muscle to heal diseased muscles within the same patient has shown some promise in early clinical trials 49 and has been proposed as a therapy for patients with chronic rotator cuff tears 50 . Our results provide additional support for the potential use of autologous satellite cell transplantation to improve the treatment of patients with chronic rotator cuff disease.
